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Atmospheric oxygen has evolved from negligible levels in the
Archean to the current level of about 21% through 2 major step
rises: The Great Oxidation Event (GOE) in the early Proterozoic and
the Neoproterozoic Oxygenation Event (NOE) during the late
Proterozoic. However, most previous methods for constraining
the time of atmospheric oxygenation have relied on evidence from
sedimentary rocks. Here, we investigate the temporal variations of
the Th/U of arc igneous rocks since 3.0 billion y ago (Ga) and show
that 2 major Th/U decreases are recorded at ca. 2.35 Ga and ca.
0.75 Ga, coincident with the beginning of the GOE and NOE. The
decoupling of U from Th is predominantly caused by the signifi-
cant rise of atmospheric oxygen. Under an increasingly oxidized
atmosphere condition, more uranium in the surface environment
became oxidized from the water-insoluble U4+ to the water-soluble
U6+ valance and incorporated in the sea water and altered oceanic
crust. Eventually, the subduction of this altered oceanic crust pro-
duced the low-Th/U signature of arc igneous rocks. Therefore, the
sharp decrease of Th/U in global arc igneous rocks may provide
strong evidence for the rise of atmospheric oxygen. We suggest that
the secular Th/U evolution of arc igneous rocks could be an effec-
tive geochemical indicator recording the global-scale atmospheric
oxygen variation.

Th/U systematics | arc igneous rocks | Great Oxidation Event |
Neoproterozoic Oxygenation Event

Earth’s atmosphere was initially almost devoid of oxygen with
only minor evidence of the biological activity that would lead

to the following build-up of oxygen (1–9). Geochemical indica-
tors suggest that the rise of atmospheric oxygen proceeded in 2
major steps: the Great Oxidation Event (GOE) from ca. 2.4–2.1
billion years ago (Ga) (2, 4, 10–14) and the Neoproterozoic
Oxygenation Event (NOE) around 0.8–0.63 Ga (7, 15–21).
Previous studies on the timing of the GOE and NOE depen-

ded largely on geochemical signatures from sedimentary rocks
together with the first appearance or disappearance of redox-
sensitive geological and paleontological indicators. Timing of
the GOE is defined by the abrupt disappearance of non-mass-
dependent (NMD) fractionation of sulfur isotopes in sedimentary
rocks at 2.45–2.32 Ga (4, 10, 12, 22). The NOE is constrained by
the considerable enrichments of Mo and V in shales since around
0.63 Ga (17, 18, 23) and a wide range of δ53Cr values in some ca.
0.8–0.75 Ga shales (7), as well as some more controversial ex-
planations of a negative carbon isotope excursion (24).
However, sedimentary rocks do not provide a complete and

continuous record for the rise of atmospheric oxygen throughout
Earth’s history due to the lack of appropriate rock samples for
some time intervals (3). Therefore, the timing of oxygenation de-
termined from the sedimentary rock record will be subject to re-
finement through the discovery of new occurrences of sequences
with appropriate age and preservation. On the other hand, igneous
rocks may provide a more continuous record of geochemical
evolution. Little previous effort has been made using the elemental
analysis of igneous rocks for the timing of oxygenation, and the
influence of atmospheric oxygenation on the chemistry of a deep

magma is still controversial (25–29). In our work, we apply a sta-
tistical approach to assessing geochemical data of worldwide arc
igneous rocks in order to establish the secular variation of Th/U
through time. In so doing, the Th-U fractionation in these igneous
rocks was found to be strongly related to the onset of the GOE and
NOE. The relationship between statistical geochemical charac-
teristics of arc igneous rocks and atmospheric oxygenation is
interpreted in this paper. We propose that the Th/U of igneous
rocks could be an effective indicator for the timing of Earth’s
oxygenation events—providing an opportunity for further study
on variations of atmospheric oxygen over geological history.

Results
Th-U Fractionation. Th and U are highly incompatible elements
that are partitioned into Earth’s crust over geological history (30,
31). Th and U in their tetravalent states have very similar geo-
chemical behaviors because of their similar ionic sizes and tet-
ravalent states (32, 33). Compositional trends of Th and U
concentrations (ppm) and Th/U vs. SiO2 (wt%) of worldwide ig-
neous rocks are shown in Fig. 1 (SI Appendix, Table S1). The
mean values of Th and U concentrations present undulating var-
iations relative to the SiO2. The mean concentration of Th for
each SiO2 interval is invariably higher than U, but the patterns of
Th and U concentrations appear to be parallel to each other. Both
the Th and U concentrations initially decrease with SiO2 contents
from 40 to 50 wt%. This is attributed to the fact that low-silica
mafic rocks are dominated by alkali basalts, which are enriched
in incompatible elements due to low degrees of mantle melting.
Then, above 50 wt% SiO2, the effects of magma differentiation

Significance

Scientists have been working on the dating of atmospheric
oxygenation in Earth’s history for decades. However, most pre-
vious studies relied on evidence from sedimentary rocks. Here,
we show that igneous rocks can also be linked with surface
oxidation by a key geological process: plate subduction. We here
make an attempt to apply the Th/U of worldwide arc igneous
rocks as an indicator for the timing of atmospheric oxygenation
over the Earth’s history. The results are coincident with the
previously defined Great Oxidation Event and Neoproterozoic
Oxygenation Event.

Author contributions: W.-d.S. designed research; H.L. and W.-d.S. performed research;
H.L. analyzed data; and R.E.Z., T.R.I., and W.-d.S. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

Data deposition: The compiled dataset and MATLAB code are freely available on GitHub
at https://github.com/CodrIocas/Oxygen.git.
1To whom correspondence may be addressed. Email: weidongsun@qdio.ac.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1902833116/-/DCSupplemental.

Published online September 3, 2019.

18854–18859 | PNAS | September 17, 2019 | vol. 116 | no. 38 www.pnas.org/cgi/doi/10.1073/pnas.1902833116

D
ow

nl
oa

de
d 

at
 A

us
tr

al
ia

n 
N

at
l U

ni
v 

on
 N

ov
em

be
r 

5,
 2

01
9 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902833116/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1902833116&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://github.com/CodrIocas/Oxygen.git
mailto:weidongsun@qdio.ac.cn
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902833116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902833116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1902833116


cause the Th and U concentrations to increase. Moreover, the
average Th/U values with different silica contents are relatively
constant (Fig. 1). Therefore, we conclude that Th and U are not
significantly fractionated relative to each other with silica contents
of the rocks.
In contrast, Th and U show very different behaviors where

involved in supergene processes under an oxygen-rich atmo-
sphere. The recycling of U from crust to mantle after the GOE
has been discussed by previous studies and considered as the
major cause of the second Pb paradox (32–35). Uranium is a
redox-sensitive element with 2 major valence states, the water-
soluble U6+ and water-insoluble U4+ (36), as well as the less-
common U5+ state (37). On the other hand, Th has only 1 valence
state, Th4+ (33, 38). In igneous rocks, U typically occurs in the
water-insoluble U4+ valence state, the same as Th, and their be-
haviors are closely associated. Under an oxic atmospheric condi-
tion, weathering oxidizes the U4+ into U6+ (23, 38). The water-
soluble U6+ then stays in solution in surface fluvial water, commonly
in the stable and highly soluble form of uranyl carbonate complex
[UO2(CO3)3

4− (39]), and is ultimately transported to the off-
shore and ocean environment (34). In contrast, Th4+ can only
be transported with the river water and into the oceans as sus-
pended particles from the physical weathering of surface rocks
due to its insolubility in water (38). This accounts for the ex-
tremely low average Th/U of river water (commonly <0.1) and
seawater (commonly <10−3) (40) in contrast to that of the upper
continental crust (Th/U = ∼3.89) (31).
After transport of U into the open ocean, the most significant

consequence is that the upper oceanic crust may become highly
enriched in U due to seafloor alteration. Staudigel et al. (41)
reported on the trace element compositions of altered basaltic
upper oceanic crust from the Deep Sea Drilling Project sites 417
and 418 in the west Atlantic Ocean, indicating that the average
Th/U in the altered upper oceanic crust can be as low as 0.33,
much lower than the average Th/U of ∼2.5–2.7 for unaltered
midocean ridge basalt (MORB) (30, 42, 43). It has been sug-
gested that the low Th/U signature of altered oceanic crust can
be transferred into the deep mantle as well as the mantle wedge
(33, 44). Although the amounts of Th and U migrating into the
mantle wedge may only account for a small proportion to the total
of subducted Th and U materials, they still can lower the average
Th/U in the arc igneous rocks, especially for the oceanic arcs
with relatively little contribution from the continental crust, in
comparison to other tectonic settings.
We extracted the igneous data for the East Asia and northern

Pacific with ages younger than 10 Ma from the EarthChem rock

database (45) and plotted them on a map (Fig. 2A) to reveal the
difference in Th/U between the arc and continental igneous
rocks. The reason to choose such young rocks is that their cur-
rent locations most closely represents the geological settings
where they formed. The igneous rocks along the Alaska Penin-
sula, Aleutian Islands, Kamchatka Peninsula, Kuril Islands, and
Izu–Bonin–Mariana Arc contain lower Th/U than the rocks from
the Asian continent (Fig. 2A). We suggested that the oceanic arc
rocks inherit the low Th/U signature of altered upper oceanic
crust, while the relatively high-Th/U continental igneous rocks
are less influenced by the subduction of oceanic slab. Instead,
they perhaps are strongly affected or dominated by partial melting
of the sublithospheric mantle or the middle-lower continental
crust, of which the Th/U are much higher than that of the altered
oceanic crust. Some arc rocks near the continent (e.g., Japanese
archipelago, Ryukyu Islands, etc.) contain relatively higher Th/U
than those from oceanic arcs, so that the range of Th/U of arc
rocks (mostly 1–5) is partly overlapped with that of intra-
continental rocks (mostly 3–10) (Fig. 2B). We attribute it to the
contribution of melting of subducted sediments. It is notewor-
thy that the U concentrations of both arc and continental ig-
neous rocks lie in a similar range (Fig. 2B), implying that the
subduction of altered oceanic crust could only lower the Th/U
rather than elevate the U concentrations in rocks, which are
largely dependent on their silica contents (Fig. 1) and other
igneous processes, such as the fractional crystallization of zir-
con, apatite, monazite, etc.
Another consequence of the increase of U concentration in

the ocean is that the U6+ can be reduced back into immobile
U4+, probably in the form of fine-grained uraninite (UO2), under
locally anoxic conditions in the deep ocean and sequestered into
organic-rich shale (23, 46). Although the U-enriched shales only
account for a limited portion of the seafloor, they contain a
substantial fraction of the overall U sink in the modern ocean
(∼27–40% of the riverine flux) (47). However, the shales are
commonly deposited on the continental shelves, which are not
normally subducted. We infer that the decrease of average Th/U
in global-scale arc igneous rocks is predominantly caused by the
subduction of altered oceanic crust.

Secular Th/U Variation through Time. We compiled a dataset in-
cluding >29,000 igneous rocks spanning the last 3.0 Ga, extracted
from the EarthChem database (45) with appropriate filtering
(Materials and Methods). In order to check the Th/U variations of
global-scale arc igneous rocks through time, we screened the data
using several geochemical criteria of typical arc rocks, such as the
intermediate-felsic lithologies, low Nb/Th, and low Th concen-
trations (SI Appendix, Figs. S1–S3; see Materials and Methods for
details). All Th/U ratios throughout this report are given in their
present-day values without correction for radioactive decay sub-
sequent to the rock’s formation. The average Th/U for arc rocks
from 3.0 to 0 Ga was calculated by using the bootstrap method
based on MATLAB encoding, creating the secular Th/U trend of
arc igneous rocks through time (Fig. 3A and SI Appendix, Table
S2). This curve is compared to the atmospheric oxygenation events
in Earth’s history in Fig. 3E. Prior to 2.35 Ga, the average Th/U
gradually increased from ∼3.8 to ∼4.6. For the period from 2.35 to
2.05 Ga, the average Th/U dropped dramatically to ∼2.1 and then
returned to a level approximately equal to the Th/U value at 2.35
Ga. During the middle time of the Proterozoic between 2.05 and
0.75 Ga, the trajectory of Th/U varied in an oscillating style and
reached a value of ∼4.7 at ca. 0.75 Ga. At 0.75–0.65 Ga, Th/U
decreased significantly, with the lowest value of ∼3.3 occurring at
0.65 Ga. After 0.65 Ga, Th/U gradually increased again over time
and reached a value of ∼4.0 for the last 0.1 Ga.
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Fig. 1. Compositional trends of Th–SiO2, U–SiO2, and Th/U–SiO2 for over
29,000 igneous rocks. The mean values of Th, U, and Th/U with SiO2 con-
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Discussion
The GOE. Before the GOE, the atmosphere was very anoxic
[<0.001% of the present atmospheric level (PAL)] (7, 11), which
is demonstrated by the large NMD fractionation of sulfur iso-
topes that is prevalent in the Archean (Fig. 3D) (10–12, 22, 48),
as well as the broad existence of detrital uraninites (23), pyrites
(11, 49), and banded iron formations (50, 51). Under such an
anoxic atmosphere, U existed mostly in the U4+ valance state in
near-surface environments, especially in the form of uraninite
(UO2). For instance, detrital uraninite grains were found in
Witwatersrand quartz-pebble conglomerates (3.0–2.7 Ga) in South
Africa (52) and in the Mesoarchean (3.2–2.8 Ga) sediments from
the Australian Pilbara Craton (38). Uranium was not decoupled
from Th before the GOE by supergene process because
the recycling mechanisms of both Th4+ and U4+ operating from the
surface down to the depth of arc igneous rocks were identical. The
altered oceanic crust during that time probably did not have a low
Th/U, either. However, we observed a gradual increasing trend of
the average Th/U in arc igneous rocks from 3.0 to 2.35 Ga (Fig. 3A).
Since there is no evidence that the atmosphere–ocean system be-
came more reducing over time before the GOE, we surmise that the
increasing Th/U of arc igneous rocks is probably attributed to the
gradually decreasing degree of mantle melting (53) as a conse-
quence of the progressive cooling of the mantle. Such a cooling
trend of the mantle from the early Archean to the present is now
widely accepted (54–56). A related temporal trend to the degrees
of melting of the mantle has also been proposed (57) (Fig. 3A and
SI Appendix, Fig. S4B). The plotting of the Rittmann Index (σ), a
petrological indicator associated with the degrees of mantle melt-
ing (58), of arc rocks through time also shows a decreasing trend of
melting degrees since ca. 3.0 Ga (SI Appendix, Fig. S4A). To verify
the correlation between the Th/U in arc rocks and melting
degree, we calculated the average Th/U for rocks with different
Rittmann Index (σ). The results show that the Th/U in global-
scale arc igneous rocks positively correlates with the Rittmann
Index (σ) (Fig. 4 and SI Appendix, Table S3). Therefore, the
increasing trend of Th/U in arc rocks from 3.0 to 2.35 Ga (Fig.
3A) is consistent with the gradually decreasing degree of mantle
melting (57). Based on this observation, we modeled a pre-
sumed trajectory of average Th/U in arc rocks through time in
accordance with the previously proposed trend of the apparent

melting degrees of the mantle (57). This presumed Th/U curve
is independent of the Th–U fractionation caused by surface
oxidation.
The abnormally low Th/U signatures during the GOE (Fig.

3A) indicate that the U was abruptly elevated in arc igneous
rocks relative to Th. After the onset of the GOE around 2.43 Ga
(59), the surficial U4+, especially in detrital uraninite grains in
fluvial sediments, was rapidly oxidized into U6+, owing to the
increasingly oxidized atmospheric condition. It could then be
dissolved into the rivers and transported to the oceans. Weath-
ering under the oxygen-rich atmosphere was also enhanced. The
general disappearance of detrital uraninite record in the sedi-
mentary rocks younger than 2.2 Ga (38) suggests that atmospheric
oxygen had been elevated to over ∼1% of the PAL (23), so that
the surface-exposed detrital uraninite grains were no longer stable
(38). The rapid dissolution of uraninites might have led to an ac-
cumulation of considerable U6+ in the seawater at the beginning of
the GOE and resulted in the abrupt decrease of Th/U in the upper
oceanic crust through seafloor alteration. This is consistent with
the sharp increase of U concentrations in shales during the GOE
(23) (Fig. 3B). Consequently, the arc igneous rocks revealed a
remarkably low Th/U signature commencing at ca. 2.35 Ga (Fig.
3A) due to subduction of the U-altered oceanic crusts, although
there would be a delay between the surface oxidation and the
subduction of the near-trench altered oceanic crust with low-Th/U
signature.
Arc rocks formed during the GOE have been reported from

the Niani area of northeast Guinea (60), the Sao Luis Craton of
northern Brazil (61), and the North China Craton (62, 63). The
trace-element spider diagrams of these rocks (SI Appendix, Fig.
S5) show relative enrichment of fluid-mobile elements (e.g., Rb,
La, U, etc.) and depletion of high-field-strength elements (such as
Nb, Ta, and Ti), typical of island-arc or active continental margin
settings (60, 61). The average Th/U of these rocks is as low as
about 2.6, which contributes to the Th/U excursion in the 2.35- to
2.05-Ga interval shown in Fig. 3A.
The Th/U of arc igneous rocks rapidly returned to the level of

the presumed oxidation-independent Th/U trend at ca. 2.05 Ga
(Fig. 3A), so that the low Th/U became a distinguishable transient
excursion of the GOE. Given a constant riverine U flux to the
oceans after the GOE (23), the most plausible reason for this
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phenomenon may be the previously recognized remarkable deox-
ygenation occurring at the end of the 2.22- to 2.06-Ga Lomagundi
Event (4, 5, 14, 64). The fall in the oxygen level of the atmosphere–
ocean system after the GOE and Lomagundi Event led to expanded
anoxia in ocean settings (5, 14, 64). Consequently, dissolved U was
distributed or removed into a large U sink, resulting in low U
concentration in the seawater and even in the deep-ocean water
(23). This is consistent with the fall of U concentrations in shales
after the GOE (23). A noteworthy phenomenon is that the aver-
age Th/U in arc igneous rocks during the GOE was even lower

than that in younger Phanerozoic arc rocks. We attribute this
curiosity to the relatively higher degrees of mantle melting in the
Paleoproterozoic than those in the Phanerozoic (54, 55).
The atmospheric oxygen level during the period between the

GOE and NOE is estimated at from <0.1% to >4% of present
level (4, 7, 65–67). Under such low-oxygen atmospheric envi-
ronments, the U concentrations in the seawater were still at very
low levels, as illustrated by the U concentrations in similar aged
shales (23). This accounts for the average Th/U in the 2.05-
to 0.75-Ga arc igneous rocks being approximately equal to the
presumed oxidation-independent Th/U trend (Fig. 3A). This fact
also implies a widespread anoxic atmosphere–ocean system be-
tween the GOE and NOE, even though the atmospheric oxygen
level during that time was higher than it was in the pre-GOE
time (<0.001% of PAL). There was some minor fluctuation of
Th/U during this period, but negligible within 2 SEs.

The NOE. A stepwise Th/U decrease of global arc igneous rocks
occurred in the 0.75- to 0.65-Ga interval (Fig. 3A), which cor-
responds to the second major rise in atmospheric oxygen over
the Earth’s history, the NOE. The beginning time of the NOE
has been defined as ∼0.8–0.63 Ga by the enormous increases of
V and Mo concentrations in Ediacaran and Phanerozoic shales
(18, 23) (Fig. 3 B and C), as well as a wide range of δ53Cr values
in the ca. 0.8- to 0.75-Ga shales (7), which approximately coin-
cided with the Th/U decrease of arc rocks at 0.75–0.65 Ga (Fig.
3A). The recurring sharp decrease of the Th/U of global arc ig-
neous rocks at this time suggests a further U enhancement in the
altered oceanic crust, as well as a substantial growth in the
oceanic U reservoir. This was a consequence of the dramatically
increased oxygen content in the atmosphere–ocean system dur-
ing the NOE.
Subsequent to the termination of the NOE, the atmospheric

oxygen amount had been elevated to much higher levels, which
led up to the rise of animal life (4, 15, 68). The oxidized ocean
dissolved more water-soluble U6+ in the seawater and deep-
ocean water and incorporated it into the altered oceanic crust.
This low-Th/U altered oceanic curst could then be recycled into
the arc igneous rocks during the process of plate subduction.
This would then contribute to the overall lower Th/U observed in
the Phanerozoic arc rocks than the modeled oxidation-independent
Th/U trend (Fig. 3A). The average Th/U in arc rocks gradually
increased through time after the NOE, which could also be as-
cribed to the decreasing degree of mantle melting (SI Appendix,
Fig. S4) (57). Although it seems that the Th/U in arc rocks in-
creased a little faster than the modeled Th/U trend, the current
evidence is not sufficient to make a confident interpretation be-
cause the evolution of the degrees of mantle melting during the
Phanerozoic is only roughly constrained.
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Fig. 4. Error bar plots of Th/U vs. Rittmann Index (σ) in arc igneous rocks. σ =
(Na2O + K2O)2/(SiO2-43), units in wt% (58). Error bars denote 2 SEs. The bin
size is 0.2.
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An Effective Indicator for the Timing of Atmospheric Oxygenation.
Scientists have been working on the timing of atmospheric oxy-
genation in the Earth’s history for several decades. However,
most previous studies have relied on evidence from sedimentary
rocks. Almost no previous attempt has been made to constrain
the times of atmospheric oxygenation events using the element
composition of igneous rocks. A recent study using the Th/U in
MORB to monitor crust–mantle differentiation provides evi-
dence of limited crustal recycling following the GOE (29). In our
study, we have determined that the decreases in Th/U of world-
wide arc igneous rocks are substantially associated with known
atmospheric oxygenation events. Under an increasingly oxidized
atmosphere condition, U has been decoupled from Th during
oxidation and weathering processes at the Earth’s surface and is
preferentially incorporated into altered upper oceanic crust (33,
34, 38). Then, the low Th/U signature within the altered oceanic
crust is recycled into the mantle wedge through plate subduction,
causing a decrease in Th/U of arc igneous rocks.
The accurate ages of Precambrian sedimentary rocks are often

difficult to determine, unless there are shales for which rhenium–

osmium (Re-Os) isochron dating can be applied, or there is a
contemporaneous dateable volcanic unit available. In compari-
son, igneous rocks have been more thoroughly analyzed, and
there are more samples available. In terms of an intermediate-
felsic arc igneous rock, there is the potential for dating the rocks
far more accurately. Although there is a potential lag time, as the
altered oceanic crust requires recycling into the igneous sources,
the beginning times of the GOE and NOE estimated by the
decreases in Th/U in arc rocks, ∼2.35 and 0.75 Ga, are no more
than 50–100 Ma later than the so far defined earliest times of
those 2 events, ∼2.43 Ga (59) and ∼0.8 Ga (7, 19, 20), respectively.
The starting time of the GOE was originally defined by the

abrupt disappearance of NMD sulfur isotope fractionations in
sedimentary rocks (10). Since the atmospheric oxygen level in-
creased during the GOE, there has been no NMD fingerprint
since. The starting time of the later NOE cannot be determined
by NMD sulfur fractionation, and, thus, as a substitution has
been defined by the strong enrichments of V and Mo in shales.
Here, we propose that the worldwide trend of secular Th/U
variations in arc igneous rocks may now be used as a single
geochemical indicator to reflect the entire history of atmospheric
oxygenation, including a separation of the effects of the GOE
from those of the NOE. The interpretation of this Th/U record
may be still quite speculative, but the observation appears to be
quite robust.

Conclusions
The Th/U is a key indicator in understanding the long-term ox-
ygen evolution of planet Earth. The decoupling of U from Th in
arc igneous rocks is predominantly attributed to the significant
rise of atmospheric oxygen. Under an increasingly oxidized atmo-
sphere, U is fractionated from Th by surface oxidation and pref-
erentially incorporated into the altered oceanic crust, which are
eventually subducted and recycled into the mantle wedge. There-
fore, the atmospheric oxygenation event occurring throughout
Earth’s history can be recognized by the dramatically lowered
average Th/U in arc igneous rocks.
The Th/U in arc rocks can provide a temporal record for the

rise of atmospheric oxygen. In this study, 2 remarkable Th/U
decreases occurring at 2.35 and 0.75 Ga were determined to be
generally coincident with the onsets of the GOE and NOE, in-
dicating the effectiveness of the Th/U in arc rocks for the timing
of atmospheric oxygenation events.

Materials and Methods
Data Preparation. Geochemical data of igneous rocks were downloaded
from the freely accessible EarthChem rock database (45). The data structure
includes ages, longitude–latitude coordinates, lithology, and data sources.

Rock samples with age uncertainty larger than 100 Ma were not included in
the data used for assessment. In order to obtain a balanced record of the
tectonic settings of the rocks through time, we removed all those samples
derived from the oceanic floor (including midocean ridges, oceanic islands,
oceanic basins, seamounts, etc.) (SI Appendix, Fig. S6) because these rocks
are all typically younger than 200 Ma, while preservation of old oceanic
igneous rocks is much less common due to plate subduction. Samples with
ages greater than 3.0 Ga were also removed because the record for this
epoch is rather incomplete and subject to additional statistical uncertainty.
Besides, igneous rocks older than 3.0 Ga might form under a different tec-
tonic regime, as suggested by many researchers (69–71). To obtain accu-
rate statistical results, we removed all of the analytical values of Th and U
assayed by X-ray fluorescence methods. For this evaluation, we extracted a
total of 29,496 igneous rocks, along with their major and trace element
concentrations (72). The data density in each 50-Ma time interval from 3.0
Ga to the present was also taken into account (SI Appendix, Fig. S7). The
number of Precambrian rock samples is much less than that of the Phan-
erozoic. Some of the Precambrian time intervals lack igneous rocks with Th
and U data, and particularly for periods such as 2.4–2.25 Ga, 1.5–1.4 Ga,
etc. The mean Th/U for those unrepresented time intervals was interpo-
lated by using the rocks of adjacent ages through the central moving
average method.

Screening for Arc Igneous Rocks. We used several criteria to screen the arc
igneous rocks in the dataset through the following steps. 1) We checked all of
the silica contents of igneous rocks younger than 10 Ma sampled from the
East Asia and the western border of the Pacific Ocean (SI Appendix, Fig. S1).
The frequency histograms of SiO2 contents (wt%) of those rocks indicated
that the arc rocks contain variable SiO2 contents from 46 to 77 wt%, while
the intracontinental rocks predominantly contain <54 wt% SiO2. Thus, we
filtered out the rocks with SiO2 contents less than 54 wt% to avoid intra-
continental basaltic rocks and only kept intermediate-felsic rocks (≥54 wt%
SiO2) for the next step. 2) Since the subduction-related igneous rocks
are commonly characterized by negative Nb anomaly, we created the fre-
quency histograms of Nb/Th for the intermediate-felsic rocks from arc,
intracontinent, collisional orogen (the Tibetan Plateau), and continental rift
(the East African Rift), respectively (SI Appendix, Fig. S2). The results revealed
that the intracontinental and continental rift rocks can be mostly filtered
out by log10 Nb/Th > 0.7 (or Nb/Th > 5). However, the Nb/Th histograms of
arc and collisional orogenic rocks were considerably overlapped. We selected
the rocks with log10 Nb/Th ≤ 0.7 and proceeded to the next step. 3) We
compared the frequency histograms of Th concentrations in rocks from the
arc and collisional orogen and noticed that the collisional orogenic rocks can
be largely distinguished from arc rocks by the criterion of log10 Th > 1.1 ppm
(or Th > 12.6 ppm) (SI Appendix, Fig. S3). Through the above 3 steps of data
screening by MATLAB encoding, the remaining dataset comprises predom-
inantly arc rocks and is ready for the calculation of secular Th/U variation in
arc rocks through time.

Statistical Analysis. We created the error bar plots for Th and U concentra-
tions (ppm) as well as the Th/U against SiO2 concentrations (wt%) for the
whole dataset using IBM SPSS Statistics (Version 24) to derive the Th–SiO2,
U–SiO2, and Th/U–SiO2 compositional trends (Fig. 1 and SI Appendix,
Table S1).

The average Th/U values from 3.0 to 0 Ga were calculated by using the
bootstrap method based on MATLAB (Version R2014a) encoding. A central
moving average smoothing was applied to determinemean values due to the
lack of sufficient data for certain time intervals. The width of the sample
window was set at 0.2 Ga, while the step width was set at 0.05 Ga. Thus, the
results for the timing have an uncertainty of ±0.1 Ga. To remove the ab-
normal extreme values, only the middle 95% of data was calculated for the
means and SEs. We executed 10,000 iterations for bootstrap resampling.
Rocks younger than 0.1 Ga were not employed in the calculation, as those
rocks included a large proportion of samples from oceanic arcs, which were
relatively less preserved than the continental arc samples before 0.1 Ga,
especially in Precambrian time. The results are shown in Fig. 3A and SI Ap-
pendix, Table S2.

The data and computer code supporting the findings of this study are
available in SI Appendix (Datasets S1 and S2).
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